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Cellulose-based paper electronics is an attractive technology to meet the growing demands for naturally
abundant, biocompatible, biodegradable, flexible, inexpensive, lightweight and highly miniaturizable sen-
sory materials. The price reduction of industrial carbon nanotube (CNT) grades offers opportunities to
manufacture electrically conductive papers whose resistivity is responsive to environmental stimuli, such
as the presence of water or organic solvents. Here, a highly sensitive paper nanocomposite is developed by
integrating CNTs into a hierarchical network of pulp fibers and nanofibrillated cellulose. The aqueous-phase
dynamic web forming process enables the scalable production of sensory paper nanocomposites with
minimal nanoparticle loss due to the tailored interfacial bonding between CNT and cellulose components.
The resulting materials are applied as multifunctional liquid sensors, such as leak detection and wave
monitoring. The sensitivity to liquid water spans an outstanding four orders of magnitude even after 30
cycles and 6-month natural aging, due to the hydroexpansion of the hierarchical cellulose network, which
alters the intertube distance between neighboring CNTs. The re-organization of percolated CNTs modifies
the electron transport in wet areas of the sheet, which can be predicted by an equivalent circuit of resistors
for the rapid detection and quantification of various liquids over large surfaces.

© 2021 Published by Elsevier Ltd.
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Introduction

While a fifth of the world population lacks safe water, leaky pipes
and wasteful irrigation systems are major contributors to water
scarcity on the planet. The American Society of Civil Engineers in-
dicates that about a quarter-million water line breaks occur each
year in the U.S., representing more than 26 billion liters lost each day
due to leaky pipes and costing public water utilities up to $2.8 billion
annually [1]. In addition, 37% of U.S. homeowners are reported to
have suffered losses from water damage, costing another $2.5 billion
annually to insurance companies [2]. Worldwide, the World Bank
estimates that global non-revenue water, which refers to the cost of
water lost to leaks and billing errors approaches $14 billion. Al-
though existing systems can detect and quantify the extent of water
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losses, they typically attempt to infer leak location via flow rate
variations, a process which is time consuming and requires human
intervention to confirm. An ideal leak monitoring system would
consist of a low cost array of optimally spaced remote sensors to
minimize the reaction time to patch a leak and power off sensitive
instruments when necessary. However, sensing liquid water in a
reliable and affordable way poses a major challenge. Existing tech-
nologies remain expensive and either have weak or slow responses
to water due to the non-polar nature of the materials employed, or is
partially soluble in water, like most polymer-based systems, which
produce inconsistent signals due to material degradation in aqueous
environments [3-8].

Given its bio-renewable and hygroscopic nature, cellulosic paper
provides an excellent platform for building sustainable and afford-
able water sensors with superior performance. To date, most re-
search has focused on hosting various types of electrodes onto the
surface of paper using pencil drawing, inkjet printing, sputtering,
and other forms of coating techniques [9-12]. These methods,
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however, are characterized by the low accuracy and non-uniformity
of the electrode films formed on the paper surface, which adversely
affect device performance and reliability, besides making the fabri-
cation process at large scale very challenging. In contrast to these
efforts, we previously proposed to incorporate electrically con-
ductive nanoparticles into the fibrous network prior to sheet for-
mation, which offers greater control over the percolated network of
fillers constituting electric paths in the material [13]. The present
research describes the fabrication of electro-conductive papers by an
easy-scale-up process involving the continuous-flow filtration of
aqueous suspensions of wood pulp pre-adsorbed with cellulose
nanofibrils (CNFs) and carbon nanotubes (CNTs) to form hier-
archically structured fibrous mats, which are further dewatered by
subsequent pressing and drying. A key element of our approach
consists of a unique binding chemistry ensuring a strong adhesion
between the nanoparticles and the pulp fibers even at high loading
(i.e. up to 15 wt%). This allows the manufacturing of paper nano-
composites using a pilot-scale web former mimicking industrial
papermaking conditions with minimal nanoparticle loss.

Results and discussion
Characterization of paper nanocomposites

Prior to pilot scale experiments, handsheets are prepared based
on our previously reported procedure, as illustrated in Fig. 1a [13].
For comparison purposes, handsheets were prepared using different
electrically conductive nanoparticles and their combinations (Fig.
A1). Industrial grade hydroxyl-functionalized CNTs were selected
over alternative fillers, such as helical CNTs (h-CNTs) and graphene
nanoplatelets (GnPs), due to their relatively low cost (Table A1) and
superior dispersion quality in aqueous CNF (Fig. A2a), contributing
to more uniform sheet formation and enhanced sensing perfor-
mance (Fig. A3). The resulting paper nanocomposites are
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mechanically flexible and robust with uniform electrical con-
ductivity across the 16-cm diameter sheet. Electron microscopy
confirms the even distribution of nanoparticles in the paper without
significant aggregation despite loadings as high as 15 wt% (Fig. 1b).
This is attributed to the presence of CNFs playing two roles: (i) that
of a dispersing agent for the hydrophobic CNTs and (ii) that of an
interfacial reinforcing agent between the CNTs and the pulp fibers.
The former role can be ascribed to the polarization of electrons in
the sp2 CNT lattice induced by the fluctuations of counter-ions on
the surface of the TEMPO-oxidized CNFs [14], which promotes the
colloidal stabilization of CNT:CNF complexes in water by means of
electrostatic repulsion and steric hindrance, as shown by absorption
spectroscopy (Fig. A2b). The latter role is evidenced by the red-shifts
observed with the addition of CNT:CNF complexes in the graphitic
D- and G-bands, respectively around 1350 and 1580 cm!, of the
Raman spectra of papers, which are indicative of strong bonding
interactions between CNTs and the cellulose components (Fig. 1c).
The good interfacial properties are further confirmed by tape peeling
tests, where the thickness and the in-plane electrical resistance of
paper nanocomposites with 15 wt% CNTs decreased respectively by
less than 1% and 2% on average after peeling (Fig. 1d). SEM images of
the paper and adhesive sides captured after the fifth peeling cycle
(Fig. A4) show that CNTs remained attached onto the surface of pulp
fibers even after being transferred to the tape surface. This demon-
strates that the fortified interface between CNTs the cellulose com-
ponents is greater than the adhesion strength of the tape. X-ray
diffraction angles of bleached pulp handsheets prepared with var-
ious CNT:CNF ratios reveal that the crystallinity index (Crl, %) is less
significantly reduced by the presence of CNTs when a specific
quantity of CNF is introduced in the composite, despite the same
CNT content of 15 wt% being used in each case (Fig. 1e). This result
suggests that a better dispersion state with higher degree of CNT
individualization is achieved at the CNT:CNF ratio of 2:1, while more
compact CNT loadings are obtained both below and above this value,
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Fig. 1. Structural and electrical characterization of paper nanocomposites with 15 wt% CNT unless otherwise specified. (a) Schematic sowing the production of paper nano-
composites from renewable biomass. (b) Representative SEM micrographs of paper nanocomposites. (d) Evolution in sheet resistance and paper thickness as a function of tape
peeling cycle. (c) Raman spectra, (e) X-ray diffraction patterns, (f) 4-point probe resistance measurements and (g) I-V curves of paper nanocomposites prepared at with varying
CNT:CNF ratios. The inset in (f) corresponds to the spatial distribution of the electrical resistance across 37 different locations on the sheet with a 2:1 CNT:CNF ratio. (h) Optical
absorption spectroscopy of papers prepared at different CNT loadings but with the same CNT:CNF ratio of 2:1.
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Fig. 2. Multifunctional liquid sensing performance of nanocomposites with 15 wt% and 2:1 CNT:CNF ratio. Submersion: The apparatus used for the submersion analysis includes
thermal imaging to ensure there is no direct contact between the electrodes and the test solution (left). R, as a function of time immersed in DI water for a pristine and a 6-month
aged specimen after their first and 30th immersion/drying cycle (right). The inset shows the time profile for the first 5 immersion/drying cycles. Droplets: The maximum Ry,
achieved for small volumes of DI water incrementally drop casted onto the sensor (0.25, 0.5, 1, 2, 5, and 10 uL), with the corresponding time profile shown in the inset. Wave
monitoring: Ry as a function of time immersed in DI water under constant agitation using an orbital shaker successively operated at 45, 50 and 60 rpm. Organic Solvents: Ry
response at 300 s of immersion in various solvents (left) and R time profile for different mixtures of water in toluene with increasing water content from 0.025 to 0.10 wt%
(right). Temperature: Linear relationships of relative resistance response (R;) as a function of liquid temperature at various immersion times in DI water. [onic Strength: Evolution
of R recorded at 300 s with the NaCl concentration of DI and tap water solutions, fitted with a power law (left). The inset shows the time profile in pure DI and tap water. Graph
of the R, time profile over six immersion/drying cycles in alternating aqueous solutions of 0.1 wt% NaCl and pure DI water (right).

hindering the formation of crystalline regions along cellulose chains,
resulting in a greater decrease in crystallinity [15,16]. This is con-
sistent with electrical resistance measurements collected by four-
point probe at 37 different locations across each sample sheet. The
paper nanocomposites prepared at a CNT:CNF ratio of 2:1 yield the
most uniform sheet resistance (Fig. 1f) compared to the other
compositions tested (Fig. A5). Moreover, the current-voltage char-
acteristics of paper nanocomposites exhibit a linear behavior with
excellent stability and ideal Ohmic contact between the paper and
the electrodes (Fig. 1g). Fig. 1h also shows that the paper absorbance
is linearly proportional to the CNT content, suggesting minimal loss
of nanoparticles during sheet formation and dewatering.

Multifunctional liquid sensing

Aqueous-phase sensing performance and mechanism

Paper cutouts are applied as multifunctional resistive sensors in
aqueous environments, as illustrated in Fig. 2. The paper nano-
composites possess unique sensing characteristics with one of the
highest sensitivity to liquid water reported (i.e. Rye~12,000%, Fig. AG),
which is defined as the ratio of the difference between the electrical
resistances of the wet and dry specimen to the electrical resistance
of the dry sample. Such record sensitivity enables the quantification
of water volumes as small as 0.25uL with great accuracy (Fig. 2-
droplets). This can be attributed to the peculiar swelling behavior of
cellulose in the presence of water - the diameter of pulp fibers in
water increases by 28% on average compared to their original drying
state (Fig. A7). While conventional sensors rely on changes in charge
carrier concentration due to adsorbed water molecules, the swelling
mechanism of cellulosic fibrous network allows for dramatically
faster and greater responses. The presence of free water molecules

can affect the interfiber spacing by disrupting hydrogen bonding
between adjacent pulp fibers, although its contribution to the sheet
hydroexpansion is negligible compared to the swelling of individual
fibers [17-19]. Cellulose fibers are commonly understood to de-
monstrate two distinct swelling phases when immersed in water: an
initial short but fast phase where the swelling rate reaches a max-
imum, followed by a longer and slower phase where the swelling
rate approaches zero [20]. The resistive response of fully immersed
paper sensors follows the same behavior with a steep linear increase
at short times before leveling off after several minutes (Fig. 2-sub-
mersion). This behavior can be fitted using a pseudo second order
model with correlation coefficients approaching unity (Fig. A8). The
extent of cellulose expansion depends on the uptake of water mo-
lecules, which occurs mainly in the amorphous regions of cellulose
where larger numbers of free hydroxyl moieties are available [20,21].
Comparing the X-ray diffractograms of dry and wet bleached and
unbleached softwood pulp (Fig. A9), the same shift in the char-
acteristic 26 cellulose peak is observed for both types of wet pulp
(Table 1). This indicates that each sample experienced the same level
of strain in their cellulose crystalline regions after soaking in water
for 60s. Despite presenting the same magnitude of expansion - in

Table 1
2D-XRD parameters for bleached and unbleached cellulose pulp, dry and after being
soaked in DI water for 60 s.

Sample ID FWHM  (200) peak Crl (%) Crystallite size
20 (°) (L20o, Nm)

Bleached dry 217 22.54 82.39 3.59

Bleached wet 189 22.72 92.74 412

Unbleached dry  2.26 22.51 79.64 345

Unbleached wet  1.93 22.72 95.09 4.03
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each case the crystallite size increases by approximately 15% when
wet [22], the presence of lignin in the unbleached pulp considerably
limits the extent of water sorption, hence reducing the total swel-
lable area within the sample. Besides delignification, the swellable
area can be augmented further by incorporating CNFs into the paper
nanocomposites as CNT dispersing agents instead of less water-
swellable surfactants, creating a hierarchically swellable structure
(Fig. A10a) [23-26].

The sheet density and porosity are other important factors gov-
erning the resistive response of materials to liquids [17,23]. In low
density sheets, the fibers can occupy the surrounding empty space
when swollen [15]. As the sheet density increases, the spacing be-
tween fibers decreases and the number of interfiber contacts in-
creases. Therefore, there is an optimum sheet density to maximize
the disruption of the percolated electrical network on the surface of
individual fibers, while minimizing the reformation of CNT junctions
between adjacent fibers (Fig. A10b). Finally, the CNT content and
dispersion state within the fibrous network also had a strong in-
fluence on the signal response. Papers prepared with 15 wt% CNT and
at a CNT:CNF ratio of 2:1 achieve the highest sensitivity to aqueous
solutions due to the optimized balance between sheet resistance and
CNT dispersion throughout the paper. Sharp reductions in sensitivity
are observed both when the initial resistance of the paper is too high
at lower CNT content, and when CNTs are less evenly distributed in
the sheet due to larger quantities of hydrophobic particles in the
aqueous suspension (Fig. A8).

Influence of environmental factors

Since the extent of cellulose swelling is also highly dependent
upon the nature and temperature of the solvent, the paper nano-
composites can serve as liquid sensors in various applications. For
instance, the fiber diameter increases by 27.5% on average when
immersed in deionized water, while the radial swelling is only 7.4%
in ethanol (Fig. A7). These observations are consistent with other
studies and suggest that polarizability and molar volume are the
main solvent characteristics influencing the swelling behavior of
cellulose [13,27-30]. Based on the solvent-specific swelling re-
sponse, the paper nanocomposites are not only able to distinguish
between different solvents, but they can also detect the presence of
water in organic solvents (Fig. 2-organic solvents). The detection limit
is as low as 250 ppm for water in toluene, which is comparable to
fluorescence methods reported in the recent literature [31], making
the resistive paper sensors very compelling for the monitoring of
trace water impurities during the production of fuels and chemicals.
The temperature of aqueous solutions can also be measured accu-
rately and reliably based on linear relationships between the elec-
trical resistance and the liquid temperature with correlation
coefficients approaching unity regardless of the sensing time (Fig. 2-
temperature). The presence of ionic species in solution is another
important factor influencing the resistive response of paper nano-
composites. The effect of salinity on the sensing performance is
studied using sodium chloride solutions to simulate seawater (Fig. 2-
ionic strength). Results reveal that the signal intensity decreased with
the increase of salt concentration. This can be attributed to the re-
duced Donnan osmotic pressure between the porous paper structure
and the external solution at high salt concentrations, which is
caused by the ionic interactions between mobile ions and the fixed
charges on the cellulosic material [20]. This result explains the dif-
ferent sensitivity values obtained in deionized and tap water. Fur-
thermore, the paper nanocomposites exhibit the same predictable
electrical response with correlation coefficients approaching unity
when immersed in either deionized or tap water spiked with sodium
chloride ranging from 0.05 to 1wt%. Beyond this concentration
range, the salt quantity is either too low or the solution conductivity
is too high to yield statistically significant variations in electrical
resistance. The predictable sensitivity of the paper nanocomposites
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to liquid temperature and salinity is especially attractive for smart
aquaculture applications.

Sensing stability and cyclic analysis

Interestingly, the expansion mechanism of cellulose fibers is fully
reversible, as evidenced by XRD and optical microscopy (Fig. A11). As
liquid successively enters and leaves the material, the cellulose
chains move apart or draw closer together, respectively. This re-
versible response is indicated by the elastic shift in the characteristic
26 cellulose peak from 22.4° to 22.2° and back as well as a reversible
increase in the crystallite size from 4.5 to 4.8 nm and back. This
movement is responsible for altering the electron transport by
varying the intertube distance between neighbored CNTs above or
below the critical tunneling distance, which is approximately 1.8 nm
[13,32-34]. This translates to very reproducible sensing responses
over at least 30 immersion/drying cycles (Fig. 2-submersion). Ab-
sorption spectroscopy also confirms the absence of individual CNT
leaching in solution even when the paper sensor is immersed in
water under continuous agitation for extensive periods of time up to
24 h (Fig. A12). Noteworthy, the sensor performance is not affected
by aging and similar signals are obtained with the same paper-based
sensor after a six-month interval. Sensing stability also remains
excellent after multiple immersion/drying cycles in alternating
aqueous solutions containing various levels of salts (Fig. 2-ionic
strength). Furthermore, Laplace pressure increases as the water is
withdrawn from the paper, bringing pulp fibers closer to each other
due to capillary forces [35]. This rapid reorganization of the wet fi-
brous network contributes to fast response times, enabling appli-
cations like wave monitoring and water level measurement. The
former, exemplified in Fig. 2-wave monitoring, shows consistent
variations in the signal period with the rotation speed of the wave
generator. When the rotation speed increases by 11% (i.e. from 45 to
50 rpm) and 20% (i.e. from 50 to 60 rpm), the average signal period is
raised by 10% (i.e. from 1.22 to 1.11 s) and 19% (i.e. from 1.11 to 0.90 s),
respectively. The latter reveals that the electrical resistance of the
paper nanocomposites varied linearly with the depth of immersion,
exhibiting a sensitivity of 45 kQ mm™ and a correlation coefficient of
0.97, as shown in Fig. A13. This implies that resistive paper sensors
can monitor liquid levels in the millimeter range, which can be
beneficial in various applications, such as offshore engineering
constructions, overflow prevention systems and early warning of
marine disasters [36,37].

Pilot scale manufacturing

In continuous flow processing, colloidal retention and dewa-
tering time are identified as limiting factors for sheet formation [38].
Since the pore size of the wire is too large to retain the nanoparticles,
filler retention is promoted by mechanical entrapment and electro-
static adsorption. First, the sheet grammage is increased from 60 to
80 gm™ and 25 wt% bleached hardwood pulp is incorporated in the
paper composition to diminish the number and size of pores in the
fibrous mat [39]. Then, the CNT feed is split into two filler streams of
opposite charges to enhance electrostatic interactions between CNTs
and pulp fibers based on our previously reported layer-by-layer
nanoassembly technique [13]. The first filler addition comprises a
cationic dispersion of CNTs and Cetyl Trimethyl Ammonium Bromide
(CTAB 5wt%, 2:1), which is supplied at the fan pump to ensure
sufficient time and shear forces for adequate mixing with the anionic
pulp. The second filler addition consisting of an aqueous mixture of
CNTs and anionic lignin is introduced prior to entering the forming
section (Fig. A14). As a result, the wood pulp is modified by the
successive adsorption of alternating layers of oppositely charged
CNTs on the surface of cellulose fibers. CNTs that are not retained in
the fibrous mat during their first pass are recirculated back to the
web forming section to minimize nanoparticle loss. This approach
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yields CNT retention higher than 90% in the final sheet. Given the
non-polar nature of CNTs, the dewatering was fast, enabling oper-
ating speed over 3mmin™! with excellent sheet formation and
uniform CNT distribution (Fig. 3a, Video A1). Paper nanocomposites
with sheet dimensions of 30 cm x 80 cm are produced and exhibit
homogeneous sensing performance with negligible change in sen-
sitivity along the width and less than 10% variations along the length
(Fig. 3b). Unlike batch processing, the dynamic web forming method
induced the alignment of pulp fiber along the machine direction
creating anisotropic sheets (i.e. long grain paper), as demonstrated
by XRD measurements at different beam angle with the paper
(Fig. 3c). While the preferred orientation of pulp fibers in the sheet
has an impact on the mechanical properties (Fig. A15a), the resistive
response of the paper sensor to water remains isotropic (Fig. A15b).
More importantly, the signals collected from bench-scale hand-
sheets prepared with the same characteristics (i.e. composition and
density) are similar than those recorded with the materials made by
the dynamic web former (Fig. 3b).

Supplementary material related to this article can be found on-
line at doi:10.1016/j.nantod.2021.101270.

Leak detection applications

The paper sensors can function at low input power and do not
require any active signal amplification. An inexpensive and portable
leak monitoring system is developed using a NodeMCU micro-
controller to send wireless text messages to a remote cellphone or
computer as soon as the presence of liquid water is detected on a
pipe wrapped in a paper nanocomposite sheath (Video A2). Fig. 4a
depicts the prototype wiring diagram, wherein the paper nano-
composite acts as the ground-side leg in a voltage dividing circuit.
When the paper gets wet, the resistance increases, causing the
measured voltage to increase and triggering an alert. The leak de-
tection system can be operated with pipes and surfaces of various
nature and size by adequately adjusting the resistance threshold for
triggering the alert to compensate the reduced sensitivity caused by
bending or/and by contact with an electrically conductive surface
(Fig. A16). Fig. 4a demonstrates how the sensory paper, when used in
tandem with other Internet-of-Thing (IoT) technology, can be uti-
lized to monitor and protect leak prone facilities by wirelessly re-
sponding to the presence of water. The rapid change in resistance
within the voltage dividing circuit triggers immediate electronic
alerts and allows to automatically power off sensitive electronics,
preventing property damages and data losses. To mimic practical
applications, the leak monitoring device is placed around a 30-cm
wide section of a 13-cm diameter metallic pipe in an underground
cavern of the CERN ATLAS facility and tested over a 30-h period.
Water from the cooling circuit (Table A2) is drop casted (0.25 mL) on
the paper sensor to simulate a leak after 8 h of testing. Fig. 4b reveals
that the sub-milliliter leak is clearly identified despite fluctuations in
humidity (10%) and temperature (~3 °C) using a chasing average al-
gorithm to prevent false positives. These results demonstrate that
the as-prepared leak sensors are capable of rapidly detecting the
onset of water leaks the very moment it occurs to instantaneously
power off sensitive instruments. Moreover, sensory papers can
monitor large surfaces and be deployed in spaces with a complicated
geometry by enabling 2D or 3D surface sensing, moving away from
single point detection.

Supplementary material related to this article can be found on-
line at doi:10.1016/j.nantod.2021.101270.

To explore the concept of surface detection further, the sensi-
tivity of 30 cm x 80 cm sheets is examined as a function of the re-
lative wet area, which is computed by image analysis of the wet
samples (Fig. 4c). Two linear regimes are clearly observed depending
on whether water bridges both ends of the sensor width perpendi-
cular to the direction of the electrodes. When water completely
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crosses the width of the sensor, the linear resistive response exhibits
a steeper slope, indicating that the paper nanocomposites are more
sensitive to variations in relative wet area in the full wet width re-
gime. In this case, the resistive signal becomes linearly proportional
to the relative wet length regardless of the sensor dimensions (Fig.
A17). This result is consistent with the linear relationship observed
between sensitivity and depth of immersion in the fully submerged
experiments (Fig. A13). On the other hand, when the sensor width
was partially wet (Fig. 4c-inset), the electrical response has a lower
slope and is predominantly sensitive to the relative wet width (Fig.
A18). Both regimes can be modeled by dividing the paper width as a
set of parallel resistors, which are linked in series along the length of
the sheet. As water spreads through the paper, the value of the re-
sistors gradually shifts from dry to wet levels, thereby increasing the
equivalent resistance of the sensor. A step change is apparent when a
low-resistance path through a parallel group of resistors is no longer
available (i.e. full wet width). In this case, the equivalent resistance
increases abruptly and its relationship with the wet area enters a
second linear regime, where the electrical response becomes pro-
portional to the relative wet length of the sensor. This simple model
agrees very well with all experimental data as long as the sensor is
not saturated with water, which happens when the relative wet
surface approaches unity. At this point, the simulation under-
estimates the resistive signal. Furthermore, the electrical response at
a given relative wet area is also correlated with the volume of water,
as demonstrated by both experimental and simulation data (Fig. 4d).
This work provides a framework for the quantification of various
liquids over large surfaces, which bears important implications for
the sustainable and efficient management of fluids. Finally, there are
no statistical differences in resistance when the relative wet area is
computed either from multiple discrete small wet spots or from a
single wet spot of larger dimensions (Fig. A19a). Similarly, no sta-
tistical differences are observed between data collected with a single
strip of paper sensor and data obtained from a specimen of the same
size but comprising multiple strips connected to each other with
aluminum tape (Fig. A19b). This means that paper nanocomposites
can be cut and reattached easily using conductive tape without al-
tering their sensing performance. Their versatility combined with
their innate flexibility makes it possible to design sensory papers
with nearly every imaginable shapes for various applications in
buildings, distribution lines, household manifolds, miniaturized
cooling pipes and mobile tanks in ships and trucks.

Conclusion

In summary, the use of paper nanocomposites as leak detectors
for aqueous and organic solvents is very promising, due to the
combined technological and economic benefits. The tailored and
cost-efficient web forming process is based on mature industrial
systems, allowing the transfer of laboratory scale sensors to com-
mercial applications. Low-cost arrays of highly sensitive and re-
sponsive liquid sensing devices can be deployed over large areas, in
inaccessible spaces, and challenging configurations, to mitigate li-
quid damages and reduce utility bills by rapidly powering off sen-
sitive instruments and locating leaks.

Experimental method
Batch-scale preparation

Paper nanocomposites are prepared by combining pulp fibers
(WestRock Company and Boise Cascade) with aqueous suspensions
of hydroxyl-functionalized CNTs (Cheap Tubes Inc., 0.7% OH) and
TEMPO-oxidized cellulose nanofibrils (CNFs), dispersed using a
double acoustic irradiation system prior to sheet formation [13,40].
For comparison purposes, helical CNTs and graphene nanoplatelets
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purchased from Cheap Tubes Inc. were also used as conductive fil-
lers. The modified pulp is then filtered through a handsheet mold
(Essex International Inc. custom machinery), and pressed and dried
according to TAPPI T-205 standards [13]. The quantities of pulp,
CNTs, and CNF are adjusted to control the resulting composite
density and porosity, and maintain final CNT contents of either 5, 10,
or 15 wt%.

Pilot-scale manufacturing

Paper comprising a blend of cellulose fibers from softwood and
hardwood (75:25) sources is produced using a 32-cm wide dynamic
sheet former (Noble and Wood) operated at 3.2mmin™'. Prior to
sheet formation, the pulp is alternatingly dosed with two aqueous
dispersions of CNTs pre-absorbed with oppositely charged surfac-
tants, namely CTAB (5wt%, 2:1) and alkali lignin (5 wt%, 2:1). The
CNT loading in the final sheet is set to ~18 + 2 wt% by adjusting the
injection flow rate of each CNT dispersion. Dewatering is achieved by
subsequent pressing at 50 PSIG and drying at 80 °C. The resulting
paper nanocomposite is wrapped around a 10-cm diameter roll
before being unwind and cut into sheets of 30 cm x 80 cm using an
automated sheet slicer (Kunshan Dapeng Precision Machinery Co.,
Ltd., DP-360CQ).

Structural and electrical characterization

The paper morphology is characterized by SEM. Raman spec-
troscopy and tape peeling tests are conducted to analyze the inter-
facial properties of the fibrous composites. The hygroexpansion of
the paper sensors is investigated by optical microscopy and XRD.
Optical absorption spectroscopy is employed to assess the CNT dis-
tribution and retention during sheet formation. The electrical
properties are examined based on current-voltage (I-V) character-
istics and 4-point probe measurements.

Sensing performance

Liquid water sensing measurements are performed using a
Keithley 2450 voltage-current meter to monitor changes in electrical
resistance across cutouts from the as-prepared paper nanocompo-
sites when either immersed in solution or wetted via drop-casting
small volumes onto the paper surface. Sensing performance is
quantified based on the relative resistance (R,;), defined as the ratio
of the difference between the electrical resistances of the wet and
dry specimen to the electrical resistance of the dry sample. When
utilized in a portable leak monitoring system, the paper nano-
composite was wired in series with a resistor ohm matched to its dry
state, creating a voltage-dividing circuit. A NodeMCU micro-
controller supplied the input voltage and sampled the output voltage
from the voltage-dividing circuit, wirelessly relaying a message to
the If This Then That (IFTTT) webhook service to facilitate device-to-
device communication.
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